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METHODS

Animals and diets
Two liver transgenic mouse lines were generated by cloning either the human SCD5 cDNA sequence or the mouse SCD3 cDNA sequence into the pLiv.LE6 vector construct (a kind gift from John Taylor, Gladstone Institute) ( 20 ) . Mice were backcrossed at least seven generations with C57BL/6 mice to generate SCD5Tg+ and SCD3Tg+ mice. SCD5Tg+ and SCD3Tg+ mice were then crossed with SCD1 GKO mice (in C57BL/6 background) to generate compound heterozygous mice, SCD1+/ Ϫ carrying one copy of the SCD5 or SCD3 transgene. These compound heterozygous mice were then bred with female SCD1+/ Ϫ or male SCD1 Ϫ / Ϫ mice to generate SCD5Tg+;SCD1 Ϫ / Ϫ (GLS5) and SCD3Tg+;SCD1 Ϫ / Ϫ (GLS3) mice.
Mice were housed in the University of Wisconsin-Madison Department of Biochemistry animal care facility and maintained on a 12 h light-dark cycle (6:00 PM to 6:00 AM) and had free access to food and water unless specifi ed otherwise. All mice were male and were fed a standard rodent chow diet (Purina 5008) at weaning, and were then either maintained on the chow diet or fed a LD that was high in sucrose and very low in fat (Harlan Teklad TD.03045; 2.5% kcal from fat (corn oil), 76.7% kcal from carbohydrate) for a period of 10 days. The age at LD feeding varied among experiments, from 10 to16 weeks of age, and is described specifi cally for each fi gure. Unless noted otherwise, all mice were fasted 4 h and euthanized at the same time of day by isofl urane overdose. Blood was collected via cardiac puncture and tissues were collected. All in vivo experimental animal procedures were approved by the Institutional Animal Care and Use Committee at the University of Wisconsin-Madison.
Lipid extraction and gas chromatography
Liver, adipose tissue, and plasma fatty acid analyses were carried out as previously described ( 21 ) . Lipids were extracted following a modifi ed Folch method ( 22 ) . Pentadecanoic acid was added as an internal control of transmethylation effi ciency. Neutral lipid species were separated on silica gel-60 TLC plates (EMD Millipore) using a heptane/isopropyl ether/acetic acid (60/40/3) solvent system. TG, CE, FFA, and GP bands were scraped from the plates and lipids were extracted and transmethylated using boron trifl uoride in 14% methanol (Sigma). Fatty acid methyl esters were suspended in hexane and analyzed by gas liquid chromatography (GLC). Chromatograms were analyzed using HP ChemStation software. Results were calculated to express fatty acid composition as a percent of total and as concentration of micrograms per milligram tissue or micrograms per 100 l plasma. Total hepatic oleate and total hepatic palmitoleate levels were calculated based on the sum of the respective fatty acid in TG, CE, FFA, and GP fractions for each animal and expressed as a percentage of the level in WT mice. Total fatty acids in each lipid fraction were calculated based on the sum of the total fatty acid mass (micrograms per milligram of tissue) detected by GLC analysis in each fraction. Heptadecanoic acid, triheptadecanoin, cholesteryl heptadecanoate, or diheptadecanoyl phosphocholine internal standards were used to quantify fatty acids in FFA, TG, CE, and GP fractions, respectively.
Liver histology
Fresh liver tissue was fi xed in 10% neutral buffered formalin for 2 days at 4°C and then stored in 70% ethanol at 4°C until sectioning and histological analysis. Oil red O staining was performed on cryosections, as previously described ( 23 ) . Slides were imaged with a 40× objective in a Leica DM4000B microscope.
products of SCD activity are oleate (18:1n-9) and palmitoleate (16:1n-7) . In humans, skeletal muscle SCD1 mRNA abundance is positively correlated with TG synthesis and negatively correlated with TG oxidation, and there is also a strong positive association between muscle SCD1 activity and BMI ( 12 ) . Serum TGs are largely hepatic in origin and the desaturation index (18:1n-9/18:0) is used to estimate liver SCD activity. In humans, the serum lipid desaturation index positively correlates with overall TG levels, explaining more than 50% of the variation in serum TG levels among individuals ( 13 ) . Another study revealed that four single nucleotide polymorphisms in human SCD1 are associated with improved insulin sensitivity, lower BMI, and reduced abdominal adiposity ( 14 ) .
There are two models of diet-induced obesity, highcarbohydrate diets that drive DNL and high-fat diets that provide excess exogenous lipid. We previously demonstrated that whole-body or global SCD1 knockout (GKO) mice have increased energy expenditure and are protected from obesity and hepatic steatosis induced by both highcarbohydrate and high-fat diets ( 15, 16 ) . Mice with deletion of SCD1 in liver only (LKO) exhibit the adiposity and hepatic steatosis phenotypes observed in GKO mice when fed a high-carbohydrate diet. In contrast, high-fat diet-fed LKO mice are not protected from weight gain and hepatic steatosis ( 16 ) . These data suggest that the phenotypes induced by high-carbohydrate diets are driven by liver metabolic events. Although the hepatic lipogenic program is impaired in LKO mice fed a high-carbohydrate diet, dietary supplementation with oleate restores the molecular changes and related lipid accumulation phenotypes ( 16 ) . Taken together, this body of past work reveals that hepatic SCD1 mediates the lipogenic effects of a high-carbohydrate diet. However, the question of whether local hepatic synthesis of MUFAs is suffi cient to restore the response to a high-carbohydrate diet in GKO mice remains unknown. Furthermore, whether oleate and palmitoleate, the major products of SCD-catalyzed reactions, differentially regulate these metabolic processes has not been directly assessed.
Two SCD isoforms have been identifi ed in humans (SCD1 and SCD5) and four in mice (SCD1-4). While mouse SCD1 is expressed at high levels in adipose tissue and is induced in liver under high-carbohydrate conditions, SCD3 expression is restricted to skin, Harderian gland, and the preputial gland (17) (18) (19) . We took advantage of the substrate preferences of distinct SCD isoforms to restore oleate (human SCD5) or palmitoleate (mouse SCD3) synthesis in the liver only in GKO mice. We show that in the context of a high-sucrose lipogenic diet (LD), hepatic oleate, but not palmitoleate, synthesis increases hepatic lipid accumulation and adiposity in GKO mice. In addition, hepatic oleate is associated with suppression of DNL and fatty acid oxidation in white adipose tissue (WAT). These data suggest that the unfavorable metabolic effects of LDs are mediated by hepatic oleate, the major product of human SCD5.
per gram of tissue per hour incorporated into fatty acids or cholesterol ( 24 ) .
Ex vivo fatty acid oxidation
Mice were fasted for 4 h and euthanized by isofl urane overdose. Liver and gonadal WAT were collected and processed as previously described ( 25 ) . Tissue homogenates were incubated for 1 h in the presence of 300 M palmitic acid with 0.4 Ci 1-14 Cpalmitic acid. Fatty acid oxidation inhibitor rotenone (0.75 M, Sigma Aldrich) was used as a control. 14 C-containing acid soluble metabolites (ASMs) and trapped CO 2 were measured in a liquid scintillation counter. Fatty acid oxidation of the two fractions was calculated by [(disintegrations per minute-blank)/reaction mixture specifi c activity]/gram of tissue, and the total fatty acid oxidation values reported refl ect the sum of the CO 2 and acidsoluble metabolite fractions.
Ex vivo lipolysis
Gonadal fat explants isolated from mice (eight mice per group) were washed with ice-cold PBS and cut into small pieces ( ‫ف‬ 75-150 mg). Fat pads were preincubated for 1 h in 140 l of DMEM (Life Technologies) containing 2% fatty acid-free serum albumin (Sigma-Aldrich). Subsequently, fat pads were incubated in 250 l of KRH buffer [125 mM NaCl, 5 mM KCl, 1.8 mM CaCl 2 , 2.6 mM MgSO 4 , 5 mM HEPES (pH 7.2)] plus 2% BSA (fatty acid free) for 2 h under agitation at 37°C. Free glycerol content was quantifi ed from supernatants using a free glycerol determination kit (Sigma-Aldrich). Glycerol release from each sample was normalized to the weight of each fat pad.
Glucose tolerance tests
Mice were fasted for 4 h prior to the start of glucose tolerance tests. Intraperitoneal injections of 20% dextrose solution at 2 g/kg body weight were administered. Tail vein blood was used to determine blood glucose concentrations at 0, 30, 60, 90, and 120 min following the glucose dose using a blood glucose meter and test strips (One Touch Ultra, Diabetic Express).
Statistical analyses
Results are expressed as mean ± SEM. Variables that did not have a Gaussian distribution were log transformed prior to ANOVA analyses. Data were analyzed using linear regression analyses and one-way ANOVA with Tukey's post hoc test. Results with a P value <0.05 were considered statistically signifi cant. All statistical analyses were performed using GraphPad Prism 6 (GraphPad Software).
RESULTS
Liver SCD5 and SCD3 transgenic mice in the SCD1 GKO background produce hepatic oleate and palmitoleate, respectively
To determine whether hepatic MUFAs exert differential metabolic effects, we generated mice with constitutive expression of either human SCD5 or mouse Scd3 in liver tissue only in a GKO background. These SCD isoforms synthesize oleate (SCD5) and palmitoleate (SCD3) ( Fig. 1A ) . To generate the liver transgenic mice, the cDNA sequences of the transgenes were cloned into the pLiv.LE6 vector construct in which liver-specifi c expression is achieved by using elements of the human APOE gene, including the
Plasma and liver biochemical analyses
Plasma TGs were measured in 5 l plasma using a colorimetric assay with the Infi nity TG reagent (Thermo Scientifi c). Liver TGs were measured in lipid extract from 10 mg liver tissue using a colorimetric enzymatic assay (Wako Chemicals USA). Blood glucose values were measured using a spectrophotometric glucose oxidase and peroxidase assay, as described previously ( 16 ) . Plasma insulin (Crystal Chem, #90080), plasma leptin (Millipore, #EZML-82K), and plasma FGF21 (R&D Systems, #MF2100) were all measured by ELISA.
RNA isolation and real-time quantitative PCR
Liver total RNA was isolated with Tri reagent (Molecular Research Center) and WAT total RNA was isolated with an RNeasy lipid tissue mini kit (Qiagen) and treated with Turbo DNase (Ambion). RNA was reverse transcribed with a high capacity cDNA reverse transcription kit (Applied Biosystems). Quantitative real-time PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems) and an ABI 7500 instrument (Applied Biosystems). Relative mRNA expression levels of SCD5 and Scd3 were calculated using the comparative C T method, and normalized to 18S rRNA. Primer sequences used to detect SCD5 expression were: forward 5 ′ GCTGTTTGTTCGCAAGCATCGAGA and reverse 5 ′ AAAGCACATGAGCACCACGGAGAT. For Scd3 expression, the primer sequences were forward 5 ′ CATTGGAGCC-GGAGTCCATC and reverse 5 ′ GCCATGGTGTTGGCAATGAT. Other primer sequences are available upon request.
Microsomal protein and SCD activity assays
Hepatic microsomes were prepared by sequential centrifugation as previously described ( 21 ) . SCD activity assays were performed using 100 g liver microsomal protein. Microsomes were incubated in potassium phosphate buffer in the presence of 30 M stearoyl-CoA and 1 Ci 3 H-9,10-stearoyl-CoA (or palmitoyl-CoA and 3 H-9,10-palmitoyl-CoA) (American Radiolabeled Chemicals) and NADH for 15 min at 24°C. The reaction was quenched by 6% perchloric acid and unused substrate was adsorbed by activated charcoal (Sigma). Samples were counted in a scintillation counter and results were calculated as 3 H disintegrations per minute/100 g protein and are presented as percent of mean WT activity level.
Immunoblotting
Microsomal protein was used for immunoblot analysis of SCD1 (Santa Cruz Biotechnology, #sc-14720), Hemagglutinin tag for SCD5 and SCD3 transgenic protein (Roche Applied Science, #11867423001), human SCD5, GAPDH (Millipore), and transferrin receptor-1 (TfR1; Invitrogen, #13-6890). Proteins were separated by SDS-PAGE in 8-10% gels. Proteins were transferred to polyvinyl difl uoride membrane , incubated with primary antibody overnight, followed by secondary antibody, and visualized using Pierce ECL Western blotting substrate.
In vivo DNL
Mice were fasted for 2 h and then injected intraperitoneally with 50 mCi 3 H-H 2 O. Mice were euthanized by isofl urane overdose 1 h postinjection. Blood was collected by cardiac puncture to determine specifi c activity. Approximately 100 mg liver tissue or 10 mg gonadal WAT was saponifi ed in 2.5 M KOH/ethanol for 2.5 h at 75°C. The tissues were neutralized with formic acid and lipids were extracted with hexane. Fatty acids and sterols were separated on TLC with a heptane/isopropyl ether/acetic acid (60/40/3) solvent system. Fatty acid and sterol bands were visualized with iodine vapors, scraped, and counted in a liquid scintillation counter. Results were calculated as micromoles of background that lacks Scd1 expression in all tissues producing GKO liver-specifi c SCD5 (GLS5) and GKO liverspecifi c SCD3 (GLS3) transgenic mice. Quantitative PCR and Western blot analysis revealed that transgenic mice retained high levels of hepatic transgenic gene ( Fig. 1D ) and protein ( Fig. 1E ) expression but lacked detectable levels promoter, exons 1 and 2, and the liver control element ( 20 ) ( Fig. 1B ) . As expected, expression of the transgenes was robust in liver tissue with minimal to no protein expression detected in a panel of extrahepatic tissues ( Fig.  1C ). SCD5 and SCD3 transgenic mice in the C57BL/6 genetic background were then crossed into the GKO Fig. 1 . Generation and characterization of SCD5 and SCD3 liver-specifi c transgenic mice. A: MUFAs, oleate (18:1n-9) and palmitoleate (16:1n-7), are synthesized by human SCD5 and mouse SCD3, respectively, from saturated fatty acid precursors. B: Construct design for the generation of human SCD5 and mouse Scd3 transgenes (Tg) driven by the human APOE gene promoter. C: Immunoblot analysis of hemagglutinin-tagged SCD5 and SCD3 microsomal protein in liver , kidney, WAT, brown adipose tissue (BAT), heart, and skin tissue in chow-fed SCD5Tg Ϫ , SCD5Tg+, SCD3Tg Ϫ , and SCD3Tg+ mice in C57BL/6 background. Transferrin receptor 1 (TfR1) was used as loading control. D-G: Ten-week-old male mice were fed a LD for 10 days (n = 5-6/group) and fasted for 4 h prior to tissue collection. D: Relative mRNA levels of SCD5 and Scd3 in liver tissue. The mean cycle threshold value for the transgenic group for each gene is indicated. E: Immunoblot analysis of mouse SCD1 and transgenic protein expression in liver microsomes of WT, GKO, GLS5, and GLS3 mice. TfR1 and GAPDH used as loading controls. F: SCD activity in liver microsomes assessed by desaturation of GKO, GLS5, and GLS3 male mice fed the LD for 10 days. There were no signifi cant differences in body weight at the start of the study (supplementary Fig. 3 ). Consistent with our previous results ( 27 ) , LD-fed GKO mice lost a signifi cant amount of body weight over the 10 day period, with an average loss of nearly 20% of their initial body weight. However, male GLS5 mice lost only 8.6% of the initial body weight. In contrast, GLS3 mice lost nearly double that with an average loss of 16.5%, which was not signifi cantly different from GKO mice. At the end of the feeding period, the body weight of GLS5 mice was significantly greater than that of GKO mice ( Fig. 2A ) and was not different from WT mice. Body weight of GLS3 and GKO mice did not differ and both were signifi cantly lighter than WT mice ( Fig. 2A ) .
Subcutaneous and gonadal WAT depot weights were signifi cantly reduced in GKO mice relative to WT mice. Both adipose tissue depots were signifi cantly increased in weight in GLS5 and GLS3 mice relative to GKO mice ( Fig. 2B ) . However, while the weight of the gonadal adipose depot was partially restored in both GLS5 and GLS3 mice, the subcutaneous depot was fully restored to WT level only in GLS5 mice ( Fig. 2B ).
GLS5 mice ate signifi cantly more food over the course of the 10 day feeding study as compared with GKO and WT mice ( Fig. 2C ). Total food intake was increased by 32% in GLS5 mice relative to the WT counterparts. However, when expressed relative to fi nal body weight, the GKO, GLS5, and GLS3 groups ate signifi cantly more food than WT mice (data not shown). Although GLS5 mice consumed more food than GKO mice, plasma leptin was not different between these groups and was signifi cantly lower in GKO, GLS5, and GLS3 mice relative to the WT level ( Fig. 2D ) .
To determine whether circulating FGF21 is infl uenced by hepatic MUFA levels and could perhaps explain the differential body weight and adiposity phenotypes among the LD-fed mice, we measured plasma FGF21 levels by ELISA. FGF21 was signifi cantly increased in GKO mice relative to of SCD1 protein in liver microsomes ( Fig. 1E ) . Like GKO and SCD1 skin-specifi c knockout mice ( 26 ) , GLS5 and GLS3 mice exhibited alopecia, closed eye fi ssures, and dry skin (supplementary Fig. 1 ) and were visibly indistinguishable from GKO mice at weaning and throughout adulthood, indicating that these phenotypes are not rescued by restoration of liver MUFA synthesis.
We used a modifi ed high-carbohydrate diet (high in sucrose) that supplied 2.5% kcal from fat, hereafter referred to as the LD, to potently induce DNL ( 16 ) . WT, GKO, GLS5, and GLS3 mice were fed the LD for 10 days. First, changes in SCD activity and hepatic MUFA levels conferred by the expression of SCD5 or Scd3 were assessed. Desaturation of 3 H-stearoyl-CoA (18:0) was 7-fold higher in GLS5 mice as compared with GKO mice, but not changed in GLS3 mice ( Fig. 1F ) . In contrast, desaturation of 3 H-palmitoyl-CoA (16:0) was 5-fold higher in GLS3 mice compared with GKO mice, but unchanged in GLS5 mice ( Fig. 1F ). These activity assay results confi rmed substrate specifi cities in vivo of the human SCD5 and mouse SCD3 isoforms, in which SCD5 selectively desaturates 18:0 to 18:1n-9 and SCD3 selectively desaturates 16:0 to 16:1n-7. As expected, and in accordance with the SCD activity assays, gas chromatographic analysis of fatty acids in hepatic lipids (summed values in TG, CE, FFA, and GP fractions; reported in supplementary Tables 1-4) revealed 18:1n-9 was signifi cantly increased only in GLS5 mice and 16:1n-7 was increased only in GLS3 mice, relative to GKO mice ( Fig. 1G ) .
Body weight and adiposity phenotypes are restored in GLS5 mice fed a LD
When fed a chow diet, body weight of male mice did not differ, with the exception of GLS5, which was lower than WT mice (supplementary Fig. 2A ). Adipose and liver weights and liver and plasma TGs did not differ among GLS5, GLS3, and GKO mice (supplementary Fig. 2B-E) .
To assess potential changes in the lipogenic capacity, we measured body weight and adipose tissue weights of WT, Fig. 2 . Body weight and adiposity are rescued in GLS5 mice fed a LD. Male mice (10 weeks old; n = 4-6/group) were fed a LD for 10 days. Food was measured at the start and end of the feeding study. Body weight (A) andgonadal and subcutaneous WAT weight (B) were measured at the end of the 10 day feeding study. C: Total food intake was determined. D: Four hour fasted plasma leptin values were measured using ELISA (n = 6-7/group). E: Plasma FGF21 values were measured using ELISA from 4 h-fasted mice. Values are mean ± SEM. * P < 0.05 versus WT, # P < 0.05 versus GKO; one-way ANOVA analysis with Tukey's post hoc test. GLS5 mice, the relative hepatic mRNA levels of the gluconeogenic genes Pck1 and G6pc were not signifi cantly different among GKO, GLS5, and GLS3 mice ( Fig. 3B ) . Plasma insulin levels were signifi cantly lower in GKO, GLS5, and GLS3 mice compared with WT mice ( Fig. 3C ) . GKO mice are highly insulin sensitive and glucose tolerant, as previously reported ( 15, 28 ) . Despite greater adiposity and increased fasted blood glucose levels in GLS5 mice, glucose clearance was not signifi cantly different from GKO or GLS3 mice at any time point during a glucose tolerance test ( Fig. 3D ) , and area under the curve above baseline levels was signifi cantly smaller for all three genotypes as compared with WT mice. Overall, these data suggest that hepatic oleate, at the level produced in GLS5 mice, modestly infl uences blood glucose regulation.
Hepatic lipids accumulate in GLS5 mice during lipogenic dietary conditions
Because GKO and LKO mice display protection against high-carbohydrate diet-induced hepatic steatosis, we questioned whether this protection would be lost with an increase in MUFA availability through the local hepatic synthesis of either oleate or palmitoleate. Biochemical measurement of hepatic TG revealed that GKO mice were protected from lipid accumulation, but GLS5 mice were not ( Fig. 4A ) , and accumulated TGs to the same level as WT mice. Hepatic TG level in GLS3 mice was not signifi cantly different from that of GKO mice ( Fig. 4A ) . We also assessed hepatic lipid burden in males by staining neutral lipids in liver tissue sections with oil red O. This histological assessment confi rmed the biochemical assay results and demonstrated that while lipid droplets accumulated in GLS5 liver, there was minimal to no accumulation in GKO and GLS3 mice ( Fig. 4B ) . These results reveal that hepatic oleate synthesis is suffi cient to rescue the lipid accumulation phenotype of GKO mice during lipogenic dietary conditions, but palmitoleate does not have an effect.
Using GLC, qualitative and quantitative fatty acid analyses of hepatic TG, CE, and GP lipid fractions and nonesterifi ed fatty acids were performed. The mean sum of the fatty acids in each fraction is reported for each genotype ( Fig.  4C-F ) . The sum of fatty acids in the TG fraction further confi rmed high levels of hepatic TGs in GLS5 mice and lower levels in GKO and GLS3 mice ( Fig. 4C ) . CEs did not accumulate in the liver of GLS5 mice ( Fig. 4D ) . This suggests that neutral lipid accumulation observed by oil red O in GLS5 mice was due to TGs and not CEs. There were no signifi cant changes in total liver GP levels among the four genotypes ( Fig. 4E ). FFAs were signifi cantly elevated in GLS5 mice compared with GKO mice and signifi cantly lower in GLS3 mice compared with WT mice ( Fig. 4F ) . Despite increased hepatic FFAs in GLS5 mice, plasma total FFA levels did not differ between groups (data not shown).
Hepatic oleate, but not palmitoleate, positively correlates with adiposity and liver TGs
The results of the hepatic TG measurements suggested that hepatic oleate, but not palmitoleate, may partially explain variation in hepatic TG accumulation during lipogenic WT mice, and was also increased, but only trended toward signifi cance, in GLS5 mice ( P = 0.07) and GLS3 mice ( P < 0.06) mice ( Fig. 2E ) . These results suggest that although plasma FGF21 is generally increased by whole-body SCD1 defi ciency, it is not likely to be the factor regulating the differential body weight and adiposity responses among the GKO, GLS5, and GLS3 mice.
The differences in GLS5 and GLS3 are consistent with a model where the phenotypes of GKO mice are driven by attenuated oleate production. Overall, these results suggest a role for de novo synthesized hepatic oleate in the regulation of adiposity and body weight under LD conditions, but little effect of palmitoleate.
Blood glucose is increased in GLS5 mice fed a LD
In the absence of SCD1, LD-fed mice are unable to maintain blood glucose levels and become severely hypoglycemic ( 27 ) . In addition, pyruvate tolerance tests suggest that LD-fed SCD1 LKO mice are unable to synthesize glucose, but this defect in gluconeogenesis is corrected by dietary oleate provided at a level of 20% (w/w) ( 16 ) . These data suggest that MUFA availability plays a role in the regulation of blood glucose levels. To investigate this further, we measured blood glucose levels in 4 h-fasted male mice fed the LD for 10 days. Blood glucose was signifi cantly increased in GLS5 mice compared with GKO mice ( Fig. 3A ) . In contrast, hepatic palmitoleate synthesis in GLS3 mice did not alter blood glucose relative to GKO mice ( Fig. 3A ) . Although fasted blood glucose was signifi cantly elevated in Fig. 3 . Blood glucose is increased in GLS5 mice fed a LD. Male mice (10 weeks old) were fed a LD for 10 days. A, C: Blood was collected retro-orbitally from 4 h-fasted mice (n = 4-6/group). A: Glucose was determined using an enzymatic colorimetric assay. B: Relative hepatic mRNA levels of gluconeogenic genes Pck1 and G6pc were measured. C: Plasma insulin levels were measured using ELISA in samples collected as described for (A). D: Glucose tolerance tests were performed in 4 h-fasted male mice. Mice were intraperitoneally injected with 2 g/kg body weight glucose and blood glucose was measured using a glucometer at 0, 30, 60, 90, and 120 min postinjection. Values are mean ± SEM. * P < 0.05 versus WT, 
oleate (R 2 = 0.70, Fig. 5C ) and hepatic palmitoleate (R 2 = 0.53, Fig. 5D ) positively correlated with gonadal WAT weight. However, the correlation with hepatic palmitoleate was less robust and the WT group explained the relationship, as the removal of this group from the analysis resulted in complete loss of the correlation (R 2 = 0.007), while the correlation between oleate and gonadal WAT remained signifi cant even without the WT group. Hepatic oleate signifi cantly correlated with the subcutaneous WAT depot (R 2 = 0.50, Fig. 5E ) but palmitoleate did not (R 2 = 0.19, Fig. 5F ). Taken together, these data suggest that the de novo synthesis of oleate, as compared with that of palmitoleate, is more potent in the positive regulation of lipid accumulation in the liver and WAT in mice on a LD. Furthermore, data from the GLS5 group suggest that when hepatic MUFAs are limited, even a modest increase in hepatic oleate availability is suffi cient to induce a shift toward susceptibility to hepatic steatosis and increased adiposity.
Hepatic de novo fatty acid synthesis is not restored in GLS5 or GLS3 mice fed a LD
Next we asked whether hepatic TG accumulation in response to LD in GLS5 mice was due to restoration of hepatic DNL. To address this question, we fed 12-15-week-old dietary conditions. We measured total hepatic oleate and palmitoleate in WT, GKO, GLS5, and GLS3 mice using GLC. Linear regression analyses of all animals revealed that total hepatic oleate levels signifi cantly and directly correlated with hepatic TGs (R 2 = 0.60, Fig. 5A ), while there was no signifi cant relationship between total hepatic palmitoleate and hepatic TGs (R 2 = 0.15, Fig. 5B ). Hepatic to hepatic TG accumulation between the GLS5 and GLS3 transgenic models, we directly assessed hepatic mitochondrial fatty acid oxidation. We performed an ex vivo fatty acid oxidation experiment and incubated liver homogenates with 14 C-palmitate and measured 14 C-labeled CO 2 and ASMs 1 h later. Total hepatic fatty acid oxidation was not different and there were no differences in CO 2 or ASMs (data not shown), even though relative mRNA levels of hepatic fatty acid oxidation-related genes ( Cpt1 ␣ , Acadm , and Acadl) revealed increased expression of all genes measured in GKO and GLS3 mice, while only Cpt1 ␣ was increased in GLS5 mice relative to WT mice ( Fig. 6D ) . Regression analysis indicated that differences in liver TG accumulation are not explained by hepatic fatty acid oxidation (R 2 = 0.07, Fig. 6E ). Taken together these results show that TG accumulation is not associated with a defect in fatty acid oxidation.
Liver MUFA synthesis infl uences plasma and WAT MUFA composition GKO mice are protected from LD-induced hypertriglyceridemia and we questioned whether liver-restored SCD transgenic mice would lose this protection. Plasma TGs were partially restored in GLS5 and GLS3 mice, with an intermediate level between that of GKO and WT mice ( Fig. 6F ) . These data may suggest that altered hepatic MUFA production leads to changes in circulating lipids. male mice the LD diet for 10 days, performed intraperitoneal injections of 3 H-H 2 O, and collected tissues 1 h later to measure 3 H incorporation into de novo synthesized fatty acids and sterols. As would be predicted from the liver lipid analysis, GKO and GLS3 mice exhibited signifi cantly reduced de novo fatty acid synthesis as compared with the WT rate ( Fig. 6A ) . Surprisingly, fatty acid synthesis in GLS5 mice was also low and did not differ from that of the GKO group ( Fig. 6A ) . Hepatic sterol synthesis was not significantly different among the four genotypes (data not shown). Consistent with the fatty acid synthesis results, linear regression analysis revealed that hepatic fatty acid synthesis was not correlated with liver TGs ( Fig. 6B ) . We also measured relative expression levels of genes in the de novo fatty acid synthesis pathway ( Acaca , Fasn , and Elovl6 ) and consistent with the in vivo experiment, the relative mRNA levels of these genes remained low in GKO, GLS5, and GLS3 mice relative to WT mice, although partially restored in GLS5 mice ( Fig. 6C ) . Taken together, these results indicate that hepatic DNL was not responsible for the restored hepatic lipid accumulation observed in GLS5 mice.
Ex vivo hepatic fatty acid oxidation is not signifi cantly changed in GLS5 or GLS3 mice
In absence of an increase in hepatic DNL, another explanation for hepatic lipid accumulation is a defect in fatty acid oxidation. To probe whether differences in hepatic ␤ -oxidation could in part explain the differential susceptibility GLS3 mice by more than 17 times the level measured in GKO mice ( Fig. 7B ) . Oleate and palmitoleate were also signifi cantly increased as percent of total fatty acids in plasma TGs in GLS5 and GLS3 mice, respectively (supplementary Table 6 ). Oleate was not signifi cantly changed in any other plasma lipid class in GLS5 mice, although it was signifi cantly reduced in GPs of GLS3 mice ( Fig. 7B ) . Palmitoleate was signifi cantly increased in plasma GPs of GLS3 mice as compared with GKO mice, but not altered in any fraction in GLS5 mice ( Fig. 7B ) . These results show that changes in hepatic MUFA synthesis infl uence the composition of circulating lipids.
The fatty acids contained in circulating VLDL particles that are taken up by adipose tissue are reesterifi ed into TG molecules, which are the major lipid species of adipose tissue. In the TG fraction of gonadal adipose tissue, we detected signifi cantly elevated oleate in GLS5 mice and signifi cantly elevated palmitoleate in GLS3 mice ( Fig. 7C ) . These data show that hepatic MUFA production infl uences lipid composition of adipose tissue stores. See supplementary Tables 1-9 in the supplementary information Next we tested whether hepatic de novo synthesized oleate and palmitoleate infl uence plasma and WAT lipid composition. The secretion of TG-rich VLDL particles from the liver and subsequent lipolysis and fatty acid uptake by peripheral tissues is the primary mechanism by which hepatically derived lipids can infl uence lipid metabolism and fatty acid composition of extrahepatic tissues. We fi rst analyzed the fatty acid composition of TG, CE, FFA, and GP lipid fractions in liver tissue. Hepatic oleate was signifi cantly increased in TG and GP species in GLS5 mice relative to GKO mice ( Fig. 7A ) , while palmitoleate was signifi cantly increased in TG, CE, and GP fractions in GLS3 mice compared with GKO mice ( Fig. 7A ) . The absolute mass of oleate in GLS5 mice was greater than the absolute mass of palmitoleate in GLS3 mice in every lipid fraction analyzed. We predicted that the hepatic MUFA composition would be refl ected in circulating lipid species in plasma. Indeed, oleate was signifi cantly increased by 2.5-fold in plasma TGs in GLS5 mice relative to GKO mice ( Fig. 7B ) . Palmitoleate in the TG fraction was more dramatically changed, as it was increased in the Fig. 7 . Hepatic MUFA synthesis infl uences plasma and gonadal WAT fatty acid composition. Ten-week-old male WT, GKO, GLS5, and GLS3 mice were fed a LD for 10 days (n = 4-6/group) and fasted 4 h prior to tissue collection. GLC was used to analyze oleate (18:1n-9) and palmitoleate (16:1n-7) fatty acid composition of liver (A), plasma (B), and gonadal WAT (C) lipids. Total lipids were extracted from tissues, lipid classes were separated by TLC and TG, CE, FFA, and GP fractions were analyzed in the liver and plasma, and TG was analyzed in gonadal WAT. All data are presented on a fatty acid concentration basis as micrograms per milligram of tissue or micrograms per 100 l plasma with the exception of plasma GP data, which are expressed as percent of total fatty acids. See supplementary information for complete fatty acid analysis results of these tissues. Values are mean ± SEM. * P < 0.05 versus WT, # P < 0.05 versus GKO, ^ P < 0.05 versus GLS5; one-way ANOVA analysis with Tukey's post hoc test. the models, with the exception of Gpam , which was elevated in both GLS5 and GLS3 mice ( Fig. 8D ) . There was a trend toward signifi cance of Dgat2 , with reduced expression in GKO mice. Expression of SREBP2 ( Srebf2 ), the major transcriptional regulator of cholesterol synthesis, was not signifi cantly changed, but its target, Hmgcr , was significantly increased in GKO relative to WT mice ( Fig. 8D ) , consistent with increased in vivo sterol synthesis. Taken together, the gene expression data suggest that differences in WAT DNL are unlikely to be transcriptionally mediated. Linear regression analyses revealed an inverse relationship between gonadal WAT fatty acid synthesis and liver TGs (R 2 = 0.26, Fig. 8E ), WAT weight (R 2 = 0.31, Fig. 8F ), and body weight (R 2 = 0.39, Fig. 8G ). The decrease in WAT DNL in GLS5 mice and increase in WAT DNL in GKO and GLS3 mice suggests that adipose DNL may be sensitive to changes in hepatic MUFA production.
WAT fatty acid oxidation is reduced in GLS5 mice
Given the differences in adiposity and unexpected DNL results, we next tested to determine whether WAT fatty acid oxidation was different among the models. We performed an ex vivo mitochondrial fatty acid oxidation experiment using gonadal WAT homogenates. Total fatty acid oxidation for detailed fatty acid composition of liver, plasma, and gonadal WAT lipids.
WAT DNL is reduced in GLS5 mice
Differences in adiposity among the SCD models could be explained by differences in WAT DNL and next we assessed in vivo lipid synthesis in the gonadal WAT depot. In this experiment the weight of the gonadal WAT depot was partially restored in both GLS5 and GLS3 mice to a level between that of the WT and GKO groups and the difference between GLS5 and GLS3 adiposity was also significant ( Fig. 8A ) . Unexpectedly, the rate of de novo fatty acid synthesis was dramatically and signifi cantly increased in GKO and GLS3 mice despite lower adiposity ( Fig. 8B ) . De novo sterol synthesis followed the same pattern ( Fig. 8C ) . In contrast, GLS5 mice exhibited repressed adipose DNL that was signifi cantly lower than GKO mice, and was not different from WT mice ( Fig. 8B, C ) . Expression of major lipid metabolism regulators, including ChREBP ( Mlxipl ), SREBP-1c ( Srebf1c ), LXR ␣ ( Nr1h3 ), and PPAR ␥ were not signifi cantly changed among the genotypes ( Fig. 8D ) . Relative expression of genes encoding enzymes involved in de novo fatty acid ( Fasn and Elovl6 ) and TG synthesis ( Gpam , Dgat1 , and Dgat2 ) largely were also not different among signifi cantly induced in GKO mice ( Fig. 9E ) . Regression analysis revealed that adipose tissue fatty acid oxidation and liver TG accumulation are not correlated ( Fig. 9F ) . However, gonadal WAT fatty acid oxidation strongly and negatively correlated with gonadal WAT weight (R 2 = 0.70, Fig. 9G ). The negative relationship between WAT fatty acid oxidation and fi nal body weight was also signifi cant, although less robust (R 2 = 0.20, Fig. 9H ). These results, taken together with the gonadal WAT DNL results and hepatic lipid data, suggest that hepatic de novo synthesized oleate infl uences hepatic TG accumulation and adiposity, and is associated with adipose DNL and tissue fatty acid oxidation ( Fig. 10 ) .
DISCUSSION
This study follows-up on past work describing the role of hepatic SCD1 in mediating the metabolic effects of a LD was signifi cantly increased in GKO and GLS3 mice relative to WT mice ( Fig. 9A ) . The enhanced fatty acid oxidation of GKO was reversed in the GLS5 mice ( Fig. 9A ) . There was a trend toward increased CO 2 production in GKO and GLS3 mice, but this was not statistically signifi cant ( Fig. 9B ) . Levels of 14 C-ASMs were signifi cantly different among the genotypes and followed the same pattern as total fatty acid oxidation ( Fig. 9C ) . We also performed an ex vivo experiment to assess WAT lipolysis. Glycerol release from gonadal WAT was not different among GKO, GLS5, and GLS3 mice, and was elevated in all groups compared with WT mice ( Fig. 9D ) , indicating lipolysis was increased in all three groups. We next measured the genes involved in fatty acid oxidation. There were no signifi cant differences in gonadal WAT gene expression, although the expression patterns of Acadm and Acadl largely mirrored the trend of the ex vivo fatty acid oxidation results ( Fig. 9E ) . The expression of Ucp1 was signifi cantly induced in GLS5 mice, while Ucp2 was novo synthesized fatty acids to fatty acids supplied in the diet ( 29, 30 ) , and competition assays suggest that DGAT2 prefers oleate ( 31, 32 ) . In this case, restoration of oleate could enhance fl ux through DGAT2. The proximity of SCD and DGAT2 in the endoplasmic reticulum membrane ensures channeling of de novo synthesized MUFAs for esterifi cation due to local enrichment at the endoplasmic reticulum membrane . This could explain how the modest restoration of stearate desaturation in the GLS5 mice is suffi cient to drive a 40% enrichment in oleate in liver fatty acid composition and an increase in total TG accumulation.
Relative to GKO mice, GLS5 restored liver steatosis and expanded the adipose tissue mass. This suggests that liver MUFA synthesis may be involved in the regulation of lipid homeostasis outside of the liver. Although changes in liver MUFA composition of the transgenic models were refl ected in the plasma TG fatty acid composition, plasma lipid load may drive the adiposity phenotypes in the GKO and transgenic models, in which plasma TG and adipose tissue weights were low in GKO mice and intermediate in GLS5 and GLS3 mice. An alternate explanation is that lipid fatty acid composition infl uences the metabolic response in adipose tissue.
In analyzing lipid metabolism in expanded and nonresponsive adipose tissue, we unexpectedly determined that the two models with the lowest adipose tissue mass had the highest rates of DNL, with fatty acid synthesis 25-and 10-fold higher in the WAT of GKO and GLS3 mice, respectively, as compared with WT mice. These results demonstrate that increased WAT mass is not predictive of increased DNL and that increases in DNL do not necessarily ( 16, 27 ) . Some phenotypes of GKO mice are recapitulated in LKO mice, such as protection from LD-induced liver steatosis and adipose tissue lipid accumulation ( 16 ) . The focus of this study was to determine which product of hepatic SCD activity drives the phenotypes of increased lipid accumulation in liver and adipose tissue. We developed two novel mouse models where either oleate or palmitoleate production was restored in the liver in the GKO background. We show that restoring liver synthesis of oleate, but not palmitoleate, rescues adaptation to LD feeding in GKO mice, blocking the prevention of ectopic lipid accumulation. Furthermore total hepatic oleate strongly correlated with total hepatic TG accumulation and with adipose tissue mass, whereas total hepatic palmitoleate did not. These experiments show that a modest change in hepatic oleate synthesis can have dramatic whole-body metabolic effects.
At the outset of the study, we hypothesized that reduced hepatic de novo fatty acid synthesis accounted for the protection against lipid accumulation in LKO mice on the LD. However, data shown here demonstrate that despite increased hepatic oleate availability at the level produced in the liver of GLS5 mice, hepatic de novo fatty acid synthesis is not enhanced, indicating that the lipid accumulation is not driven by increased lipid synthesis. Our data also eliminate defi cient hepatic fatty acid oxidation as the underlying cause of the steatosis phenotype, as there were no signifi cant differences in hepatic ␤ -oxidation among the GKO, GLS5, and GLS3 models. An alternate possible explanation for increased lipid stores in the liver of GLS5 mice is based on studies of substrate preference of DGAT2. DGAT2 synthesizes TGs from diacylglycerol and prefers de Fig. 10 . Proposed model of the metabolic effects of de novo-synthesized hepatic 18:1n-9 within the context of a LD. A: A lipogenic high-carbohydrate diet stimulates hepatic SCD activity, causing an increase in the de novo synthesis of 18:1n-9 and subsequent hepatic TG accumulation. Hepatic 18:1n-9 becomes available to peripheral tissues through circulating 18:1n-9-containing TG-rich VLDL particles. In gonadal WAT, there is a net effect of increased adiposity and the hepatically derived 18:1n-9 is associated with repression of the DNL and fatty acid oxidation (FAO) pathways. B: However, when hepatic SCD activity is reduced, there is a reduction in de novo-synthesized hepatic 18:1n-9 and a LD fails to induce hepatic lipid accumulation. Plasma TGpathways distinguish between oleate and palmitoleate and are regulated by the former but not the latter. However, it should also be emphasized that the dramatic metabolic changes in WAT in this study were in SCD1-defi cient tissue, as GKO, GLS5, and GLS3 mice were all SCD1 global knockouts. Therefore, the effects of oleate on metabolic regulation should be further tested in adipocytes with WT SCD1 expression.
Recent reports support a role for palmitoleate in maintenance of metabolic health. In mice, Cao et al. ( 42 ) showed that circulating palmitoleate synthesized in WAT acts as a lipokine in peripheral tissues, suppressing hepatic lipogenesis and increasing skeletal muscle insulin sensitivity. Parallel independent studies showed that palmitoleate supplementation increases insulin sensitivity ( 43, 44 ) , although consensus on its effect on hepatic lipid accumulation is lacking. In humans, the role of plasma palmitoleate is less clear. Palmitoleate positively correlates with insulin sensitivity in overweight subjects ( 45 ) , but the association is not observed in obese adults or children ( 46, 47 ) . Although hepatic palmitoleate synthesis is restored in GLS3 mice, GKO mice are already dramatically protected against diet-induced metabolic derangements, and further benefi ts of increased palmitoleate were not observed.
A striking result of the current study was the signifi cant increase in total food intake in LD-fed GLS5 mice as compared with WT mice. With increased adiposity, one could expect plasma leptin levels to be increased in GLS5 mice relative to GKO mice, and that in turn would be predicted to reduce food intake. In this study, plasma leptin in GLS5 mice was reduced compared with WT mice and not different from GKO mice, while food intake was enhanced for GLS5 mice only, separating adiposity and food intake from absolute plasma leptin levels. A potential explanation for the similar body weights in GLS5 and WT mice, despite the increased food intake in GLS5 mice, is an induction of uncoupling. Indeed, we observed signifi cantly induced Ucp1 expression in WAT of GLS5 mice, which may suggest that energy dissipation is increased in these mice.
The possibility that the absolute mass of oleate is driving the phenotypes in this study cannot be excluded based on the current study. However, it is unlikely that palmitoleate levels would reach oleate levels, as the metabolic fates of these fatty acids are not equivalent and conversion to elongated species is not equivalent. In general, the elongation of the product of SCD5, 18:1n-9, to 20:1n-9 is minimal, and 20:1n-9 accumulates to approximately 2% that of 18:1n-9. In contrast, the elongation of the product of SCD3, 16:1n-7, to 18:1n-7 readily occurs and approximately equal levels of these two n-7 fatty acids are present in the liver. In GLS5 mice, levels of 18:1n-9 were restored to 50% of WT levels, whereas in GLS3 mice, levels of 16:1n-7 reached only 20% of WT levels. Given its metabolic fate, the 20% increase in 16:1n-7 detected in the GLS3 liver likely underestimates the increase in its rate of de novo synthesis .
We have identifi ed a model of lipid metabolism homeostasis involving communication between liver and adipose tissue stores. Importantly, this work reveals that lipid metabolism direct increased adiposity. Regression analyses showed that adipose tissue fatty acid synthesis was negatively correlated with liver TG, gonadal WAT weight, and total body weight. These fi ndings are consistent with the concept that the ability to upregulate WAT DNL is metabolically benefi cial in the context of a LD. In clinical studies, decreased lipogenic gene expression has been reported in obese human subjects, which correlated inversely with markers of insulin resistance and hepatic steatosis ( 33 ) . Eissing et al. ( 33 ) also demonstrated that in subjects who underwent bariatric surgery, increased lipogenic gene expression in WAT was associated with weight loss and improved glucose homeostasis postsurgery. It is not unprecedented for WAT DNL to be increased when liver DNL is low. Independent models of altered lipid metabolism have demonstrated a relationship between liver DNL and WAT DNL, with reduced hepatic DNL accompanied by upregulated adipose DNL, likely as a compensatory response ( 34, 35 ) .
The apparent incongruity of reduced adiposity with increased DNL in GKO and GLS3 mice is explained in part by an increased rate of fatty acid oxidation. Regression analysis showed a strong negative correlation between fatty acid oxidation in WAT and gonadal adipose tissue weight, explaining up to 70% of the weight variation. This suggests that the oxidation of fatty acids in adipose tissue exerts control over total adiposity. In contrast, regression analysis showed adipose tissue DNL was negatively associated with hepatic lipid accumulation. Taken together these results reveal that lipid storage homeostasis is associated with the metabolic status of adipose tissue.
Potential mechanisms by which hepatic de novo synthesized oleate exerts systemic effects to regulate specifi c metabolic pathways in WAT remain unknown. One possibility is that oleate itself or a more complex lipid that it is incorporated into exerts transcriptional regulation over genes in the ␤ -oxidation or DNL pathways via regulation of transcription factors. Indeed, fatty acid-mediated regulation of transcription factors has been well-described ( 36 ) . However, we previously demonstrated that in SCD1 GKO mice the protection from hepatic steatosis and increased adiposity is not meditated through PPAR ␣ , a transcription factor that exerts signifi cant control over fatty acid oxidation ( 37 ) and the results of the current study do not support a transcriptional mechanism. Another possibility is that oleate or a more complex lipid directly inhibits enzymes in the ␤ -oxidation or DNL pathways. MUFAs have been shown to be required for a number of specifi c protein interactions that elicit a broad range of biological effects. For example, Liu et al. ( 38 ) recently demonstrated that endogenous, but not exogenous, oleate and palmitoleate inhibit the activity of fatty acid amide hydrolase, an enzyme that degrades endocannabinoids, and explains the mechanism through which endocannabinoids decrease insulin sensitivity. Activation of Wnt proteins requires them to fi rst become acylated with palmitoleate ( 39 ), while oleate is a required component of specifi c GP species that activate PPAR ␣ in the liver ( 40 ) and muscle ( 41 ) . Perhaps enzymes in the fatty acid oxidation or synthesis and lipid storage homeostasis are both sensitive to hepatic oleate production, where one of the major products of SCD activity can infl uence the balance of storage and utilization in adipose tissue. However, additional work will be required to understand whether these are direct or indirect effects of hepatic oleate. An understanding of factors that regulate the balance of lipid storage among adipose depots and in hepatic tissue is relevant to human health. The degree of risk for metabolic impairment is dependent on the location of ectopic lipid stores, where fatty liver is associated with poorer outcomes than expanded adipose depots. Our studies suggest that an imbalance in lipid stores may be corrected through interventions targeting SCD activities in liver.
